Downloaded from genome.cshlip.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

A map of enhancer regions in primary human neural progenitor
cells using capture STARR-seq

Sophia C. Gaynor-Gillett, Lijun Cheng, Manman Shi, et al.

Genome Res. 2025 35: 1887-1901 originally published online July 11, 2025
Access the most recent version at doi:10.1101/gr.279584.124

References This article cites 87 articles, 7 of which can be accessed free at:
http://genome.cshlp.org/content/35/8/1887.full.html#ref-list-1

Creative This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the
Commons first six months after the full-issue publication date (see
License https://[genome.cshlp.org/site/misc/terms.xhtml). After six months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0 International),
as described at http://creativecommons.org/licenses/by-nc/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAI Genetic Screening. | LEARN
Your new superpower. MORE

CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

© 2025 Gaynor-Gillett et al.; Published by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.279584.124
http://genome.cshlp.org/content/35/8/1887.full.html#ref-list-1
https://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.279584.124&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.279584.124.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Resource

A map of enhancer regions in primary human neural
progenitor cells using capture STARR-seq
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Genome-wide association studies (GWASs) and expression analyses implicate noncoding regulatory regions as harboring
risk factors for psychiatric disease, but functional characterization of these regions remains limited. Here, we perform cap-
ture STARR-sequencing of over 70,000 candidate regions to identify active enhancers in primary human neural progenitor
cells (phNPCs). We select candidate regions by integrating data from NPCs, prefrontal cortex, developmental timepoints,
and GWASs. Over 8000 regions demonstrate enhancer activity in the phNPCs, and we link these regions to over 2200 pre-
dicted target genes. These genes are involved in neuronal and psychiatric disease-associated pathways, including neuronal
system, nervous system development, and developmental delay. We functionally validate a subset of these enhancers using
mutation STARR-sequencing and CRISPR deletions, demonstrating the effects of genetic variation on enhancer activity and
enhancer deletion on gene expression. Overall, we identify thousands of highly active enhancers and functionally validated
a subset of these enhancers, improving our understanding of regulatory networks underlying brain function and disease.

[Supplemental material is available for this article.]

Neuropsychiatric disorders (NPDs) are among the most common
illnesses in the United States, with over 20% of adults and a similar
proportion of children being afflicted over their lifetime (Merikan-
gas et al. 2010; Substance Abuse and Mental Health Services
Administration 2021). Hundreds of genome-wide association stud-
ies (GWASs) have been conducted (Horwitz et al. 2019) to uncover
genetic contributors to NPDs, and >1000 associated variants have
been identified. The majority of these variants reside in noncoding
regions of the genome (Horwitz et al. 2019; BaresSic et al. 2020), of-
ten enhancers (Davidson et al. 2011; Edwards et al. 2012; Corradin
and Scacheri 2014). Initial studies portioning the heritability of
both childhood and adult onset disorders into regions of open
chromatin and their associated cell types implicate the period of
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neurogenesis during human fetal brain development as a period
of substantial vulnerability (de la Torre-Ubieta et al. 2018; Walker
et al. 2019). However, the activity of most of these regions is not
well characterized in relevant cell types, limiting these analyses.
To address this gap, we leveraged primary human neural pro-
genitor cells (phNPCs) obtained from human brain in our lab,
which have been shown to closely recapitulate early stages of in
vivo human fetal brain development (Konopka et al. 2012; Stein
et al. 2014). We performed capture self-transcribing active regula-
tory region sequencing (CapSTARR-seq) (Vanhille et al. 2015) to
identify enhancers active during early brain development. The
CapSTARR-seq method is a plasmid-based, in vitro approach for
large-scale validation of enhancer regions (Vanhille et al. 2015).
We leveraged several PsychENCODE data sets, including data
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from the prefrontal cortex (PFC), NPC lines, and developmental
timepoints, to generate a list of putative enhancer regions to inves-
tigate using the phNPC model. Whereas other enhancer mapping
tools such as massively parallel reporter assays (MPRAs) have been
used to identify putative enhancer regions in primary human cor-
tical cells (Deng et al. 2024), human induced pluripotent stem cell
(hiPSC)-derived organoids (Capauto et al. 2024; Deng et al. 2024),
and human embryonic stem cell (hESC)-derived NPCs (Inoue et al.
2019; Weiss et al. 2021), technical constraints limit the size of
candidate enhancer regions to often <200 base pairs (bp) (Klein
et al. 2020) despite human enhancers averaging around 800 bp
in length (Mulero Herndndez and Ferndndez-Breis 2022). In con-
trast with MPRA, STARR-seq utilizes a cloning-based approach
(Muerdter et al. 2015), allowing for the investigation of longer frag-
ments that have been shown to be essential for enhancer function
(Klein et al. 2020). The STARR-seq approach has been used on a ge-
nome-wide scale in human cell lines (https://doi.org/doi:10
.17989%2FENCSR983SZZ; Liu et al. 2017) but has not yet been
used in primary human neuronal cells.

In this study, we interrogated over 70,000 candidate regions for
enhancer activity in phNPCs using CapSTARR-seq. We then took a
subset of the regions that demonstrated enhancer activity and used
CRISPR-based and mutation STARR-seq (MutSTARR-seq) approach-
es to determine the effects of genetic variation on enhancer activity
and gene expression. The overall aim of this work was to character-
ize the noncoding landscape of the phNPCs in an effort to better
understand the regulatory networks involved in neuronal function
and disease in a primary human neural cell type.

Results

Selection of candidate regions and panel design
for CapSTARR-seq

Panel 1

Due to growth constraints of primary cells (Deng et al. 2024), we
ran our CapSTARR-seq experiment as two separate panels (Fig.
1). The first panel for CapSTARR-seq was created from a subset of
enhancers identified in the first phase of the PsychENCODE pro-
gram (Wang et al. 2018). Candidate enhancer regions were chosen
using a matched filter process as outlined in Sethi et al. (2020).
Briefly, PFC samples from the ENCODE (The ENCODE Project
Consortium 2012), Roadmap Epigenomics (Roadmap Epigenom-
ics Consortium et al. 2015), and PsychENCODE projects (de la
Torre-Ubieta et al. 2018) were analyzed in order to annotate a set
of active enhancers in the brain, which identified ~79,000 brain-
specific enhancers (Wang et al. 2018). We identified a high-confi-
dence set of PFC enhancers (18,212 regions) based on strong
ATAC-seq and DNase signals, as well as strong H3K27ac signals
from both the Roadmap PFC and PsychENCODE PFC ChIP-seq
experiments. This set of high-confidence enhancers was included
as targets in the first capture panel. We added 165 bipolar or
schizophrenia regions from the GWAS catalog overlapping the
initial set of 79,000 brain-specific enhancers (Buniello et al.
2019) and a set of 4427 predicted enhancers from Kozlenkov
et al. (2020) for a final panel size of 22,804 regions spanning ~14
Mbp (Fig. 1A).

Panel 2

For the second CapSTARR-seq panel, we combined data from other
resources as well as leveraged the deep learning model DECODE

(Chen et al. 2021) to identify targets with a high likelihood of be-
ing an active enhancer in the brain (Fig. 1B). We made use of exist-
ing bulk PFC ATAC-seq data from the HumanFC and BrainGVEX
cohorts of PsychENCODE (Bryois et al. 2018; Fullard et al. 2018),
which resulted in a total of ~350,000 candidate enhancers derived
from PFC. Next, we used DECODE (Chen et al. 2021) to analyze
data from the ENCODE NPC cell line and intersected putative en-
hancers with results from the ENCODE DECODE analysis and
ATAC-seq in PFC (Bryois et al. 2018; Fullard et al. 2018), resulting
in ~72,000 candidate enhancers shared by both data sets. We val-
idated activity of these regions in three independent data sources,
including in vivo developing brain (de la Torre-Ubieta et al. 2018;
Trevino et al. 2020), which confirmed ~90% overlap with the des-
ignated panel (Supplemental Fig. S1). GWAS and single nucleotide
polymorphisms (SNPs) in linkage disequilibrium (LD; r*>0.4)
(Pers et al. 2015; Ghasemi et al. 2021) were also intersected against
the panel design, showing a total of 460 unique GWAS and
~30,000 total linked SNPs intersecting. The functionality of these
putative enhancers was further confirmed by their significant
overlap (~48%) with expression quantitative trait loci (eQTL)
(Wang et al. 2018; Walker et al. 2019) and transcriptome-wide as-
sociation study findings from fetal human brain (Gandal et al.
2018; Walker et al. 2019). Of the resulting panel of ~72,000 targets,
65,000 were new as compared to Panel 1 and 7000 regions over-
lapped between the panels. We retained 3600 of the overlapping
regions in Panel 2 as internal controls. We also included 3400 tar-
gets derived as top scoring candidate cis-regulatory elements
(cCREs) from the Weng Lab at the University of Massachusetts
Medical School (Fig. 1B).

Quality assessment of CapSTARR-seq data set

Panel 1 targeted a total of 22,314 regions, and Panel 2 targeted a
total of 48,507 regions (Table 1) following concatenation of adja-
cent or overlapping candidate regions (Supplemental Tables S1,
S2). The mean region size was 638.92 bp (Panel 1) and 735.36 bp
(Panel 2), and the median region size was 448 bp (Panel 1) and
500 bp (Panel 2) (Table 1). These assembled libraries were transfect-
ed into a phNPC line derived from a female fetus of Mexican
descent (Methods). The same line was used for both technical rep-
licates for both panels. Initial quality control revealed that our se-
quencing data (Fig. 1C) were of high quality, with over 94% of
reads from each panel (both input and output) and replicate align-
ing with the genome (Table 1). For the input libraries, we success-
fully captured over 99% of our targeted regions for each panel
(Table 1), and over 93% of those regions were sequenced at 10x
depth (Supplemental Table S3). For the output libraries, over
92% of regions were sequenced at 10x depth (Supplemental
Table S3). The rates of polymerase chain reaction (PCR) duplica-
tion ranged from 11.83% to 49.30% across all sequencing data,
with the highest levels of duplication coming from the Panel 2 out-
put data (Supplemental Table S3). The higher level of duplicates in
Panel 2, particularly of barcoded duplicates, represents high levels
of enhancer activity and indicates that our panel was well-de-
signed. We also calculated “on-target” and “off-target” read per-
centages based on whether the reads fell within our initial target
regions. Over 89% of our sequencing reads qualified as “on-target”
(Supplemental Table S3).

Identification of CapSTARR-seq active enhancer regions

We called peaks from our data set as regions with a STARRPeaker
Q-value <0.05 (Table 1; Supplemental Table S4; Lee et al. 2020),
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Figure 1. Panel design and quality control results. (A,B) The process for candidate enhancer selection for Panel 1 (A) and Panel 2 (B). See “Results” for a
complete description of candidate selection. (C) The experimental workflow. Sheared genomic DNA was hybridized to probes specific for the candidate
enhancer regions. These regions were then cloned into the STARR-seq plasmid and transfected into phNPCs. (D,E) The fold change correlation between the
two technical replicates for Panel 1 (D) and Panel 2 (E). Pearson’s r* values are included on the graphs. (£, G) Volcano plots representing the tested enhancer
regions. Regions that had significant peaks as determined by STARRPeaker are in dark blue and nonsignificant regions are in light blue. (PFC) prefrontal
cortex, (PEC) PsychENCODE Consortium, (BP) bipolar disorder, (SZ) schizophrenia, (GWAS) genome-wide association study, (phNPC) primary human
neural progenitor cell, (PCW) postconception week, (FDR) false discovery rate, (FC) fold change.
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Table 1. Quality assessment of CapSTARR-seq data set

Panel 1

Panel 2

Output - replicate
Input 1

Output - replicate
2

Output - replicate  Output - replicate
1 2

Input

# Targeted regions 22,314 -

48,507 - -

# Tested regions 22,176 (99.38%) -

48,488 (99.96%) - -

(%)

Mean region size 638.92 - 735.36 - -

(bp)

Median region size 448 - 500 - -

(bp)

Primary alignment 18,218,282 38,617,348 44,520,086 45,352,130 48,320,288 54,647,238

Properly paired (%) 18,000,464 36,958,904 42,253,962 45,078,556 47,427,054 53,626,310
(98.8%) (95.71%) (94.91%) (99.40%) (98.15%) (98.13%)

Active enhancers - 1137 1142 - 6202 6484

Overlapping - 914 - 5698

enhancers

Pearson’s r? value - 0.72 - 0.93

The targeted regions represent the number of regions in the capture panel design, whereas the tested elements represent the regions actually captured
by the input library. This count is following concatenation of adjacent or overlapping candidate regions. Primary alignment values represent sequenc-
ing read counts, with the properly paired value representing the number of reads properly aligning with the genome. Active enhancer regions are des-
ignated as regions with a STARRPeaker Q-value <0.05. The overlap value indicates how many regions were designated active enhancers across both
technical replicates of the panel. The Pearson’s r* value (also depicted in Fig. 1D,E) demonstrates the correlation between replicates.

observing a high overlap (914 regions; r* = 0.72) between replicates
in Panel 1 (Fig. 1D-G; Table 1). For Panel 2, 5698 regions over-
lapped between replicates 1 and 2, producing an r? value of 0.93
between replicates (Fig. 1D-G; Table 1). Across both panels, we
identified 8148 regions with evidence of enhancer activity in at
least one replicate. A total of 6612 regions (~9%) demonstrated
strong evidence of enhancer activity in the phNPCs based on their
replication in two separate experiments, similar to previous obser-
vations in nonneuronal cell lines (~6%) (Vanhille et al. 2015).
Regions that were tested across both panels had a Pearson correla-
tion coefficient of 0.737, representing a strong correlation (Supple-
mental Fig. S2; Papageorgiou 2022). We compared our STARR-seq
active regions with newly generated ATAC-seq data from iPSC-de-
rived NPCs (Wells et al. 2023). Active STARR-seq regions showed
higher ATAC-seq signals than either randomly selected regions
or low-scoring STARR-seq regions (Supplemental Fig. S3; Supple-
mental Table S5; Supplemental Methods), providing additional
support for these regions being putative enhancers.

Enrichment of transcription factor binding site motifs

We next tested for enrichment of transcription factor binding sites
(TFBSs) by using HOMER (Heinz et al. 2010) and MEME-Suite
(Bailey et al. 2015) to perform transcription factor (TF) motif en-
richment analysis in the putative enhancers for each panel
(Table 2). We focused on the high-confidence enhancers that over-
lapped between the panel replicates and compared enrichment in
our active enhancer regions with inactive control regions (see
Methods). In Panel 1, the top enriched motifs were JUNB/bZip (P
=1x107%Y), TP53 (P=1x1072%), MITF (P=1x10721), and SOX10
(P=1x10""). In Panel 2, the top enriched motifs were YY1 (P=
1x107°%%), ELK1/ETS (P=1x10"%%), THAP11 (P=1x10"23%),
SREBF2 (P=1x1072), and ZNF143 (P=1x107'3%). Reported P-
values are from HOMER and determined using a hypergeometric
distribution P-value test. Several of these TFs have been implicated

in NPDs, including drug addiction (JUNB) (Huggett and Stallings
2020) and schizophrenia (SOX10, SREBF2) (Schizophrenia
Working Group of the Psychiatric Genomics Consortium 2014;
Wockner et al. 2014).

To further validate that the enriched TFBS motifs correlate
with TFs that are highly expressed in phNPCs, we analyzed their
expression using single-cell RNA-seq (scRNA-seq) data generated
in the phNPCs (Supplemental Table S6). We compared expression
levels of the TFs from the four high-confidence motif families in
Panel 1 and the nine in Panel 2 (Table 2) with 100 randomly select-
ed TFs from Lambert et al. (2018) (see Methods). The enriched TFs
from our CapSTARR-seq experiments had significantly higher ex-
pression than the randomly selected TFs (two-sample two-tailed
P-value=0.022) (Fig. 2; Supplemental Tables S7, S8). These results
demonstrate that the TFs associated with enriched binding site
motifs from our active enhancer regions have higher expression
in phNPCs than randomly selected TFs. This suggests that these
specific TFs may play an important role in gene regulation within
the phNPCs, specifically at the active enhancer regions identified
through CapSTARR-seq.

Identification of enhancer target genes and pathway
enrichment analysis

We used gene regulatory networks from adult brain data (Emani
et al. 2024) to identify 2288 unique predicted target genes regulat-
ed by 427 TFs (Supplemental Figs. S4, S5; Supplemental Table S9;
Methods). These genes were associated with 3693 distinct enhanc-
ers, with an average of 1.6 enhancers per target gene (Supplemen-
tal Table S10). On average, there were 8.5 different cell types
associated with these gene linkages, a number significantly higher
than that seen for randomly selected control regions (Supplemen-
tal Table S10; see Methods). We used Metascape (Zhou et al. 2019)
to identify biological pathways, diseases, cell types, and tissue
types enriched within our gene set (Fig. 3; Supplemental Table
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Table 2. Transcription factor binding site motifs enriched in active enhancers

Motif consensus sequence P-value % of targets % of background Known motif
Panel 1 9.36%
" AT ACTCA 107! 29.98% ° JUNB(bZip)
2 0.48%
10° 5.22% P53
ACAI T<Ca ACAI
7.53%
TCAC T Ac. 1077 17.72% MITF
20.21%
ACAAA 107" 33.01% SOX10
Panel 2 0.75%
<10~ .05%
< C .= 100 13.059 Wi
4.96%
ACTTCC T <1071%° 23.93% ELK1(ETS)
0.73%
cl AAAT TA T?? <1071 7.03% THAP11
4.16%
ATCAC T qu <107%° 14.56% SREBF2
_|_ 1.70%
<107'%° 7.73% ZNF143
CA’.‘ CATTAT IA
C 3.32%
107 9.46% NRF1
=CGLA _GCGe
3.87%
A c Q 107%° 10.2% JUNB(bZip)
0.16%
TCTC C AGa 1074 1.97% JBTB33
0.32%
ACAI ?QC_AAACAI 107 2.23% P53

The “% of targets” column indicates the percentage of active enhancers from our CapSTARR-seq assay that contain each motif. The “% of back-
ground” column indicates the percentage of regions from our CapSTARR-seq assay that did not show enhancer activity and contain each motif (see
Methods). The “known motif” column indicates the transcription factors known to bind to the given motif sequence. Reported P-values are from
HOMER (Heinz et al. 2010) and calculated using a hypergeometric distribution P-value test.

S11). Metascape is an online portal (https:/metascape.org/gp/
index.html#/main/step1) integrating over 40 different knowledge
bases for streamlined analysis of gene set enrichment. Many of the
most highly enriched pathways were related to neuronal processes,
including neuronal system, modulation of chemical synaptic
transmission, nervous system development, and gliogenesis (Fig.
3A). The Metascape analysis also indicated that our gene set was
enriched for several brain-related diseases, including memory im-
pairment, mental deterioration, developmental delay, and mental
disorders (Fig. 3B). Finally, our gene set was enriched for neuronal
and glial cell types and brain-specific tissues (Fig. 3C,D). To ensure
that these pathways were not enriched as an artifact of our candi-
date enhancer selection method, we ran the same set of pathway
analyses on randomly selected subsets of genes from our entire
candidate list (see Methods). We focused specifically on the

brain-related pathways and diseases and found that many of the
identified pathways and diseases were significantly more enriched
for our CapSTARR-seq gene set than for randomly selected gene
subsets (Supplemental Table $12). The enrichment of these target
genes for neuronal pathways further supports the functionality of
our putative enhancer regions in regulation of human brain
development.

Because these predicted genes were based on data from the
adult brain, we also explored how our putative enhancers inter-
sected with data from the fetal brain, which might be more rele-
vant to regulatory relationships in phNPCs. We examined the
overlap between our enhancer regions and fetal eQTLs from
Wen et al. (2024). Of our 8148 putative enhancers, 2284 (28%)
overlapped a fetal eQTL corresponding to 3227 predicted target
genes (Supplemental Table S13). These genes were enriched for
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Figure 2. Expression of transcription factors (TFs) with enriched binding

site motifs. Single-cell RNA sequencing expression score is displayed on the
y-axis and measured in counts per million (CPM). A higher expression
score indicates a more highly expressed gene. For each plot, the solid
line represents the median expression score whereas the “X” represents
the mean expression score. Individual TF expression scores are shown as
data points on the box plots. Expression scores were compared using a
two-sample, two-tailed t-test.

immune-related and metabolic pathways (Supplemental Table
S14), both of which have been previously implicated in psychiatric
disease (Vancampfortetal. 2015; Werner et al. 2022; Chourpiliadis
et al. 2024; Gong et al. 2025). The immune-related pathways in-
clude a combination of genes with more general immune func-
tions, such as HLA-A (Anaya et al. 2013), and genes with more
direct roles in neuronal development, such as MCM3AP (Ylikallio
et al. 2017) and LNPEP (Yeatman et al. 2016; Bernstein et al.
2017). As a comparison, only 404 (5%) enhancer regions over-
lapped an adult eQTL (Supplemental Table S13; Emani et al.
2024). Of the 404 that overlapped an adult eQTL, 300 also over-
lapped a fetal eQTL (Supplemental Table S13). Of these 300 en-
hancers, 135 had the same predicted target gene and the same
direction of effect on that target gene (Supplemental Table S15),
potentially representing a high-confidence set of brain-specific en-
hancers across different developmental stages. Pathway analyses of
this set of overlapping genes identified immune-related pathways
and brain-related diseases, including child developmental disor-
ders, enriched within this gene set (Supplemental Table $16).
The implication of these target genes in brain-related diseases pro-
vides evidence that these putative enhancers may be involved in
disease pathogenesis in both the fetal brain and the adult brain.

Allelic effects on enhancer activity

To investigate the allelic effect of eQTLs on enhancer activity, we
overlaid our enhancer predictions with single cell eQTL data
(Emani et al. 2024). We selected 47 eQTLs to interrogate through
MutSTARR-seq in the phNPCs (Supplemental Table S17; see
Methods). MutSTARR-seq employs the same techniques as
STARR-seq but utilizes synthetic gene fragments that are generated
with and without the eQTL variant to observe the allelic effect of
the eQTL variant on predicted enhancer activity. We identified

24 variants (51%) that altered enhancer activity across four techni-
cal replicates (Fig. 4; Supplemental Table S18). Of these variants, 15
had decreased enhancer activity with the alternate allele, and nine
had increased enhancer activity.

Eight of the significant eQTL variants occurred within the
17q21.31 locus, a region of extremely high LD (Bowles et al.
2022). The predicted target genes for these eQTLs include
AC126544.2, ARL17A, ARL17B, CR936218.1, CRHR1, FAM215B,
KANSL1-AS1, KANSL1, LRRC37A, LRRC37A2, MAPT-AS1, and
MAPT, with each variant predicted to regulate at least eight of these
genes (Supplemental Table S19). For all genes except two, ARL17A
and MAPT-AS1, the target gene showed increased expression in in-
dividuals with the alternate allele for each variant (Supplemental
Table $19). The 17q21.31 locus has been linked to several neurode-
generative diseases, including Alzheimer’s disease (Jun et al. 2016),
Parkinson’s disease (Nalls et al. 2014, 2019; Bowles et al. 2022),
frontotemporal dementia (Reus et al. 2021), and progressive supra-
nuclear palsy (PSP) (Hoglinger et al. 2011; Cooper et al. 2022).

Functional validation through enhancer knockout

We chose for further functional analysis four active enhancers
showing high enrichment in the CapSTARR-seq experiment and
associated with NPDs. CRISPR-Cas9 genome editing was used to
delete candidate enhancers in phNPCs, with deletions ranging in
size from 644 bp to 2525 bp (Supplemental Fig. S6; Supplemental
Table S20). Densitometry analysis of genotyping PCR products
showed genome editing knockout (KO) efficiency ranging from
19.69% to 44.97% (Fig. SA-D; Supplemental Table S21).

Relative expression levels of target genes were measured by
TagMan real-time quantitative PCR (qPCR) assay. The distribution
of original Cy values of the triplicates for target genes and reference
gene beta-actin (ACTB) showed low standard deviation (SD), indi-
cating that the experimental variability was low (Supplemental
Tables S22-S25; Supplemental Figs. S7-S10). The qPCR assay
showed that expression of all four target genes was diminished af-
ter enhancer knockout (Fig. SA-D; Supplemental Tables S22-S25;
Supplemental Figs. S7-S10): NGEF relative expression level was de-
creased to 0.45 (SD=+0.01), RORB decreased to 0.56 (SD=+0.2),
PLEKHOI1 decreased to 0.16 (SD=10.02), and TOM1L2 decreased
t0 0.42 (SD=+0.01). This result demonstrates that these active en-
hancers do upregulate transcription of the target gene tested. This
is consistent with previous results of high enrichment of these en-
hancers in the CapSTARR-seq experiment revealing strong en-
hancer activity, which may partially explain the mechanism of
the target gene expression knockdown phenotype observed.

Discussion

Moving from computational predictions to functional evidence of
gene regulatory activity remains an important and challenging
area of modern genomics. Because there is substantial evidence
for tissue-specific gene regulation and evidence that genetic risk
for brain disorders resides within brain-enriched regulatory re-
gions, maps of regulatory elements in brain-relevant cell types
are of substantial value. We utilized a large-scale CapSTARR-seq ap-
proach to validate putative enhancer regions and characterize the
noncoding genomic landscape of phNPCs. We identified 8148 re-
gions with enhancer activity in phNPCs. Of these regions, 6612
were replicated in two experiments, demonstrating strong evi-
dence of enhancer activity. Additionally, we generated ATAC-seq
data in iPSC-derived NPCs and RNA-seq data in the phNPCs,
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Figure 3. Metascape pathway analysis of the 2288 predicted target genes. (A) Pathway and process enrichment results fielded from KEGG Pathway, GO
Biological Processes, Reactome Gene Sets, Canonical Pathways, CORUM, WikiPathways, and PANTHER Pathway. P-values were calculated using the cumu-
lative hypergeometric distribution (Zar 1999). (B) Associated diseases as identified through DisGeNET (Pifiero et al. 2017). Enriched cell and tissue types are
depicted in C (Subramanian et al. 2005) and D (Pan et al. 2013).
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Figure4. MutSTARR-seq results comparing enhancer activity (log,fc) between the reference and alternate alleles. Box plots represent the distribution of
activity across four technical replicates. Enhancer activity is defined by log, fold change, which represents the normalized output/input ratio in log, space.
Variants that had a significant effect on enhancer activity (P<0.05) are boxed in green. P-values were calculated using a t-test comparing the log,fc(output/
input) of the reference and alternate alleles across the replicates. (log,fc) log, fold change, (SNV) single nucleotide variant.

providing further characterization of the noncoding landscape of
the developing human brain.

The STARR-seq approach has not been widely used in neuro-
nal tissue. This proof-of-principle experiment in a primary human
neuronal cell line indicates that this method is likely applicable to
other relevant systems, including hiPSC- and hESC-derived neu-
rons and neuronal organoids. The phNPCs are a particularly valu-
able model, because they very closely recapitulate the expression
patterns and network architecture of the developing human fetal
brain (Stein et al. 2014; de la Torre-Ubieta et al. 2018; Liang et al.
2021; Aygiin et al. 2024). Moreover, these NPC lines have been ex-
tensively validated via their use to develop human neurodevelop-
mental eQTL and chromatin accessibility (ca) QTL (Liang et al.
2021; Aygiin et al. 2024).

The percentage of active regions (~9%) identified in this
study was much higher than that seen in whole-genome STARR-
seq experiments (0.06%) (Liu et al. 2017) and similar to that
seen in previous CapSTARR-seq studies in nonneuronal cell lines
(Vanhille et al. 2015). Our active enhancer regions showed strong
overlap with NPC ATAC-seq data (Supplemental Methods), with
active STARR-seq regions showing higher ATAC-seq signals than
either randomly selected regions or low-scoring STARR-seq regions
(Supplemental Fig. S3). They also were enriched for TFBS (Table 2),
an established feature of enhancer genomic sequences (Spitz and
Furlong 2012; Panigrahi and O’Malley 2021), for highly expressed
TFs (Fig. 2). Nearly 400 of our active enhancer regions also overlap
active enhancer regions generated through MPRA studies in simi-
lar cell types (Supplemental Table S26), including NPCs (Deng
et al. 2024) and neuronal organoids (Capauto et al. 2024; Deng
etal. 2024). We also saw enrichment for GWAS variants associated
with bipolar disorder, schizophrenia, and anorexia nervosa within
our active enhancer regions (Supplemental Fig. S11; Supplemental
Table S27), supporting a potential relationship between these re-
gions and NPDs. Regions that were not identified as active enhanc-
ers in our CapSTARR-seq assay may represent other types of
regulatory elements, including promoters, silencers, or insulators.
As enhancers are highly dependent on cell type and developmen-
tal timepoint, these regions also may be poised enhancer regions
that are active in a different cell type or at a different stage of devel-
opment (Giacoman-Lozano et al. 2022).

To complete our understanding of enhancers, we need to link
STARR-seq active regions with genes that these enhancers regulate.

Utilizing gene regulatory networks from Emani et al. (2024), we
identified 2288 unique predicted target genes. We examined over-
lap between these target genes and fetal eQTL genes (Supplemental
Table S13; Wen et al. 2024) and found 319 overlapping genes en-
riched for immune-related pathways, like herpes infection and in-
terleukin signaling (Supplemental Table S$28). Comparatively,
only 49 genes overlapped between our target genes and adult
eQTL genes (Supplemental Table S13; Emani et al. 2024), and these
genes were enriched for disease-related pathways like Alzheimer’s
disease and mental deterioration (Supplemental Table S29). We
also compared our target gene list to peak-genes identified by Zhu
et al. (2023) through RNA-seq and ATAC-seq analyses in postmor-
tem human brain tissues. We found 585 overlapping genes (26%),
and these genes were enriched for disease-related pathways includ-
ing memory impairment, mental deterioration, and mental disor-
ders (Supplemental Table S30). Zhu et al. (2023) examined
postmortem brain samples ranging from fetal to adult, so this over-
lapping set represents enhancer-regulated genes throughout various
stages of brain development.

We also utilized MutSTARR-seq to assess whether eQTL vari-
ants affect the activity of our putative enhancers. We identified
24 variants (51%) that significantly affected enhancer activity, a
proportion higher than similar MPRA studies (Weiss et al. 2021;
Cooper et al. 2022; Deng et al. 2024; Farrow et al. 2024) and
large-scale eQTL analyses from the Genotype-Tissue Expression
(GTEx) project (GTEx Consortium 2017). Eight of the significant
variants are located within the 17q21.31 region, which is a 1.5-
Mb inversion region (Bowles et al. 2022). Two major haplotypes,
H1 and H2, exist in this region, with H1 being the more prevalent
haplotype in individuals of European ancestry (~80%). The H1
haplotype has been associated with a number of neurodegenera-
tive diseases, including Alzheimer’s disease (Jun et al. 2016),
Parkinson’s disease (Nalls et al. 2014, 2019; Bowles et al. 2022),
and PSP (Hoglinger et al. 2011; Cooper et al. 2022). Although no
recent MPRA variant studies investigated our specific significant
variants (Weiss et al. 2021; Cooper et al. 2022; Lagunas et al.
2023; Deng et al. 2024; Farrow et al. 2024), Cooper et al. (2022)
did identify several other variants within the 17q21.31 locus
that significantly affected gene expression. Similar to our study,
many of their significant variants led to higher expression from
the alternate allele. Further, the extensive implication of this can-
didate region with NPDs provides insight into how variation
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Figure 5. CRISPR-Cas9 enhancer knockout (KO). (A-D) Left: DNA agarose gel image of the genotyping
PCR results after KO of candidate enhancers in phNPCs through ribonucleoprotein (RNP)-mediated
CRISPR-Cas9 genome editing. Control cells undergoing the same electroporation without any RNPs
showed a clear strong wild-type (WT) band. For enhancer KO samples, besides the higher WT band, there
is an additional clearly visible lower band in both BR1 and BR2 samples. The sizes of these lower bands are
the same as the expected size of genome edited bands after enhancer KO. (A-D) Right: TagMan qPCR
showed diminished expression level of the target gene after enhancer KO. Ct values from triplicates
were used to calculate the expression of the target gene relative to control cells using the Pfaffl method.
Averages of the BR1 and BR2 and standard deviations are shown as error bars. (A) Left: EH37E1198822 KO
genotyping PCR result (WT band: 3375 bp, genome edited band: 850 bp). Right: Relative expression lev-
el change of the target gene NGEF after enhancer KO. (B) Left: EH37E1000386 genotyping PCR result (WT
band: 1938 bp, genome edited band: 809 bp). Right: Relative expression level change of the target gene
RORB after enhancer KO. (C) Left: EH37E0114246 genotyping PCR result (WT band: 1849 bp, genome
edited band: 1205 bp). Right: Relative expression level change of the target gene PLEKHO1 after enhancer
KO. (D) Left: EH37E0426064 genotyping PCR result (WT band: 3069 bp, genome edited band: 2203 bp).
Right: Relative expression level change of the target gene TOM1L2 after enhancer KO. (Cells, +e) cells
without RNPs that underwent the same electroporation and served as control, (NTC) PCR no-template
control, (BR) biological replicate.

within these enhancer regions may con-
tribute to disease development and
progression.

CRISPR-mediated deletion of a sub-
set of our candidate enhancers led to de-
creased expression of their predicted
target genes, which have been implicated
in brain-related functions and diseases.
NGEF encodes a neuronal guanine nucle-
otide exchange factor (Rodrigues et al.
2000; Shamah et al. 2001) that has been
associated with schizophrenia (Wu et al.
2020) and bipolar disorder (Wu et al.
2020; Yao et al. 2021). RORB, a clock
gene involved in neurogenesis, stress re-
sponse, and modulation of circadian
rhythms, has been found to have posi-
tive associations with the pediatric bipo-
lar phenotype in case-control sample sets
(McGrath et al. 2009). A GWAS study
identified PLEKHOI, a gene that plays a
role in the regulation of the actin cyto-
skeleton, as a significant bipolar disorder
risk locus (Stahl et al. 2019). TOM1L2, a
gene encoding a protein putatively in-
volved in intracellular protein transport,
has been implicated as an Alzheimer’s
disease susceptibility gene (Reynolds
et al. 2010; Ou et al. 2021; Ge et al.
2023). Collectively, these target genes
are important candidates for further
functional investigation in the search
for the molecular basis of psychiatric
disorders.

Whereas our study identified thou-
sands of active enhancer regions in
phNPCs, this approach also has a few in-
herent limitations. STARR-seq, by design,
is a plasmid-based, ectopic approach
(Muerdter et al. 2015). This design pre-
vents us from investigating the activity
of putative enhancers in their endoge-
nous genomic context. CapSTARR-seq
also screens candidate enhancers, rather
than genome-wide, limiting our poten-
tial findings to only regions selected in
our panel design. That recognized, we
did select our candidate enhancer re-
gions based on endogenous functional
genomic data (e.g., ATAC-seq, ChIP-seq)
from the human brain. We also note
that another very similar plasmid-based
reporter assay also shows very high
correspondence to endogenous gene reg-
ulatory predictions and experimental
validation (Cooper et al. 2022), suggest-
ing that there is relatively good corre-
spondence between these out-of-
context assays and native genomic loci.
Another limitation of our approach is
that our Panel 1 design utilized data ex-
clusively from the PFC. Although these
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data indicate open chromatin and predicted active enhancer re-
gions in the adult brain, they do not directly represent active en-
hancer regions in NPCs. We addressed this limitation in our
Panel 2 design, incorporating data from PFC, NPCs, and the devel-
oping human brain, and increased our rate of active enhancers
from ~4% in Panel 1 to ~12% in Panel 2. Panel 1 transfection con-
ditions were also optimized between replicates 1 and 2, leading to
increased transfection efficiency and cell viability. This change in
conditions may have caused the lower r? value for Panel 1 (1*=
0.72) compared with Panel 2 (r*=0.93).

Although we validated several of our active enhancers
through MutSTARR-seq and CRISPR-based approaches, we could
not conduct these validation experiments on the same number
of candidate regions as our initial CapSTARR-seq screen. Our
MutSTARR-seq results were in line with other similar studies
(Weiss et al. 2021; Cooper et al. 2022; Deng et al. 2024; Farrow
et al. 2024), but incorporating fetal eQTL data and data specific
to individuals of Mexican ancestry may allow for the identification
of additional variants affecting enhancer activity. Additionally,
elucidating the function of enhancers through the one enhanc-
er-one target gene pair strategy utilized in our CRISPR experiment
is limited by the fact that one enhancer can, in principle, act on
multiple genes, or one gene can be regulated by multiple enhanc-
ers (Jin et al. 2021). Further experimental validations should be un-
dertaken to achieve a comprehensive matching of enhancers and
putative target genes, such as sScRNA-seq to reveal the whole tran-
scriptome change after candidate enhancer KO, the establishment
of the candidate enhancer KO mouse model, or pooled CRISPR in-
terference (Cooper et al. 2022). Future experiments should also
aim to identify the specific TFs involved in gene regulation at these
enhancers, potentially by utilizing our TFBS motif analysis to
knock down specific TFs in the phNPCs and examine effects on
gene expression. Finally, although the phNPCs recapitulate many
features of embryonic and fetal corticogenesis and development,
they do not mature past the mid-fetal stage (Stein et al. 2014).
The open chromatin landscape of the phNPCs (de la Torre-Ubieta
et al. 2018) also differs substantially from even closely related mod-
el systems like hESC-derived NPCs (https://www.encodeproject
.org/experiments/ENCSR278FVO/) (Supplemental Fig. S12; Sup-
plemental Table S31), emphasizing the importance of cell type in
enhancer studies. Similar studies should be conducted in models
that better recapitulate later stages of brain development and the
postnatal brain, such as brain organoids (Gordon et al. 2021).

In this study, we identified over 8000 regions with enhancer
activity in a primary human neuronal progenitor cell line. About
30% of these regions overlap with fetal or adult brain eQTLs,
which provides a high-confidence group of brain enhancers.
Through the integration of several genomic data sets (Supplemen-
tal Table S32), we identified candidate enhancers and genes poten-
tially active across different stages of brain development. We also
generated iPSC-derived NPC ATAC-seq data and phNPC RNA-seq
data, lending additional support to our set of enhancer regions.
This study provides a comprehensive data set of active enhancer re-
gions in phNPCs and provides insight into how these enhancer re-
gions may be involved in brain development and function.

Methods

PhNPC cell line generation and maintenance

The phNPC line was obtained from Dr. Daniel Geschwind’s lab at
UCLA. The creation of this line is described in detail in Konopka

et al. (2012) and Stein et al. (2014). Briefly, the phNPC line was
generated using a neurosphere isolation method from human fetal
brains at 15-18 weeks postconception. Following isolation, the
cells were established into a monolayer cell culture and main-
tained using standard culturing protocols (Supplemental
Methods). The phNPCs were maintained in an undifferentiated
state, and all experiments were done using cells with a low passage
number (passage <20) to ensure cellular integrity (Esquenet et al.
1997). The specific line used for this study was named “3C” and
was derived from a female fetus of Mexican descent.

CapSTARR-seq probe design

Probes were designed to capture the target regions using HyperDe-
sign software from Roche Sequencing Solutions. Our regions (hu-
man genome hg38) were uploaded into the software using the
following settings: maximum close matches=20, overhang=30
bp. The regions were consolidated, meaning any overlapping
regions were collapsed into a single continuous candidate region.
This consolidation resulted in a final panel size of 22,314 regions
for Panel 1 and 48,507 regions for Panel 2. The software then
designed KAPA Target Enrichment Probes covering the inputted
regions. These probes are 120 bp in length and, following hybrid-
ization with genomic DNA, can be captured through a bead-based
capture method. For Panel 1, the software predicted 98.5% cover-
age of the candidate regions. For Panel 2, the software predicted
99.3% coverage of the candidate regions. Missing coverage was
due to repetitive regions that are often present in noncoding re-
gions of the genome. Following selection through HyperDesign,
KAPA Target Enrichment Probes were ordered through Roche Di-
agnostics. The manufacturer probe design changed between Pan-
els 1 and 2, which resulted in a slightly higher “off-target” rate
in Panel 2 (Supplemental Table S3). Our candidate regions had a
mean distance of 46,210.4 bp (median = 14,302 bp) to the nearest
transcription start site (TSS) (Supplemental Fig. S13).

Input library generation

Human male genomic DNA obtained from Promega (Ref: G1471)
was used to generate the input library. Two lots of DNA were
used: Lot #0000305466 (concentration=173 ng/pl) and Lot
#0000461400 (concentration =197 ng/uL). Full library generation
is described in the Supplemental Methods. Briefly, DNA was
sheared using a Covaris LE220 ultrasonicator and size selected
(~500 bp). Ligation of custom adaptors (Supplemental Table
$33) was performed using the NEBNext Ultra Ligation Module
for DNA. The resulting fragments were amplified using ligation-
mediated polymerase chain reaction (LM-PCR) with Q5 Hot Start
High-Fidelity 2x Master Mix (NEB) to allow the addition of homol-
ogy arms necessary for cloning.

The LM-PCR products were then hybridized to the KAPA Tar-
get Enrichment Probes following the KAPA HyperCap Workflow
v3.0 (Roche Diagnostics). To adjust this protocol for our cloning
purposes, the LM-PCR primers MPI_ORI_F/R (Supplemental Table
S33) were used in place of Universal Enhancing Oligos and
the Post-Capture PCR Oligos. After hybridization, the captured
genomic regions were cloned into the hSTARR-seq_ORI vector
(Addgene #99296) (Muerdter et al. 2018; Supplemental Methods).
The input library was sequenced on one lane of an Illumina MiSeq
at the University of Chicago Genomics Facility using MiSeq
Reagent Kit V3 and 75-bp paired-end reads.

Transfection of input library and output library preparation

The input capture library was electroporated into the phNPC line
using a BTX AgilePulse MAX large volume transfection system.
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The passage number and cell counts used for each capture panel
are provided in Supplemental Table S34. We transfected 10 pg of
the input plasmid library per million cells using BT Xpress High
Performance Electroporation Solution (100 pL per 5 million cells).
Electroporation parameters are detailed in the Supplemental
Methods. Transfection efficiency was determined wusing a
pmaxGFP plasmid (Lonza), as this plasmid is similar in size to
the hSTARR-seq_ORI vector.

RNA was isolated from the phNPCs 24 h after electroporation
using the Qiagen RNeasy Mini Kit and prepared for sequencing
(Supplemental Methods). The output library was sequenced on
one lane of an Illumina MiSeq at the University of Chicago
Genomics Facility using MiSeq Reagent Kit V3 and 75-bp paired-
end reads.

Enhancer peak calling

Sequenced CapSTARR-seq libraries were processed using
STARRPeaker v1.2, which includes a new feature to restrict peak
calling analysis to a supplied capture panel (Lee et al. 2020).
Both input DNA and output RNA libraries were aligned to the
GRCh38 reference genome (https://www.encodeproject.org/files/
GRCh38_no_alt_analysis_set_ GCA_000001405.15/) using BWA-
MEM v0.7.17 (Li 2013). For alignments within each subreaction,
we removed duplicates and filtered for properly aligned paired-
end reads. We merged the filtered alignments from 16 subreactions
to create a single BAM output file for STARRPeaker peak calling
analysis. Default parameters were used for STARRPeaker except
for the step size used to bin genome. A window length of 500 bp
with a 50-bp step size was used. Capture region was extended by
50 bp in each direction before binning. In addition to genomic in-
put, three covariate tracks were utilized, namely GC-content,
mappability, and folding energy prediction, to model the null dis-
tribution. We removed ENCODE blacklist regions (ENCFF419RS])
from the analysis. We identified putative enhancer regions for
each capture panel and replicate. This enhancer peak calling meth-
od was stringent, potentially filtering out some active enhancer re-
gions. However, it was used as a screening method to identify
enhancers to interrogate through additional functional analyses.
The identified enhancer peak regions had a mean distance of
24,428.1 bp (median=483 bp) to the nearest TSS (Supplemental
Fig. S13).

Transcription factor binding site analysis

In each panel, we intersected technical replicates and defined
them as high-confidence enhancers when there was at least a 20-
bp overlap. We used HOMER (Heinz et al. 2010) and MEME-
Suite (Bailey et al. 2015) to perform motif enrichment analysis in
the putative enhancers for each panel separately. Only those mo-
tifs that were detected by both HOMER and MEME-Suite were con-
sidered as true signals and used for the downstream analysis. We
performed motif discovery in the 200-bp region around the center
of the enhancers. For HOMER, the masked version of the genomes
was used. We used 20,934 control sequences for Panel 1 and
41,433 control sequences for Panel 2, selected from nonactive re-
gions called by STARRPeaker (input coverage > 20 fragments, fold
change bottom 10% quantile). We used the default setting of
HOMER (v4.11.1), which allows for zero or one occurrence per
sequence. Additional parameters are detailed in Supplemental
Methods.

scRNA-seq in phNPCs

The scRNA-seq libraries were prepared using 10x Genomics
Chromium, as suggested by the manufacturer (Chromium Next

GEM Single Cell 3’ Reagent Kits v3.1). The scRNA-seq data sets
were aligned with Cell Ranger from 10x Genomics. The five repli-
cate scCRNA-seq data sets were subsequently merged and analyzed
using the Seurat v3 package (Stuart et al. 2019). To ensure quality
of the data sets, we followed procedures of previous work
(Polioudakis et al. 2019) to filter for cells with a low level of mito-
chondrial genes (<10%) and high but nonexcessive number of
genes detected (more than 200 but less than three times of standard
deviation from mean). Fach data set captured 10,000-13,000 cells
after the filter. The expression levels of well-known neural progeni-
tor marker genes were plotted (Supplemental Fig. S14).

For TFBS motifs that were enriched in the putative enhancers,
we examined the expression level of their corresponding TFs in the
scRNA-seq data set. Because motif matching is a noisy process, we
did not limit our analysis to the best match provided by HOMER.
For a given enriched sequence, we considered all the similar motifs
with a HOMER score of at least 0.85. We then averaged the expres-
sion scores of similar motifs. For the background data set, we chose
100 randomly selected TFs from Lambert et al. (2018). We used ¢-
tests to calculate P-values comparing expression levels of associat-
ed TFs from Panels 1 and 2 (Supplemental Table S7) with the back-
ground data set of random TFs (Supplemental Table S8).

Predicted target genes and pathway analysis

For each of our putative enhancer regions, predicted target gene(s)
were identified using gene regulatory networks published in
Emani et al. (2024). Open chromatin peaks were intersected with
putative enhancers to establish high-confidence enhancer-gene
linkages. Of the total 8148 enhancers, we identified a total of
2288 unique linked genes (Supplemental Table S9). We also gener-
ated sets of 8148 random genomic regions to be used as control
groups for our enhancer list. We intersected our enhancer list
and the control groups with the gene regulatory network from
Emani et al. (2024) to determine enhancer cell type specificity
(Supplemental Table S10). T-tests were used to compare the en-
hancer set to the control sets. For pathway analyses, we inputted
the list of linked genes into Metascape (Zhou et al. 2019) to iden-
tify biological pathways and diseases enriched within that gene
list. As a comparison, we also generated 10 random subsets of
2288 genes from our entire candidate region list (Supplemental
Table S12). We inputted these random gene lists into Metascape
to determine background P-values to which our CapSTARR-seq
gene set could be compared using a one-sample f-test.

MutSTARR-seq

To further validate the enhancers, we identified a subset of eQTLs
from around 150 individuals with genotype and snRNA-seq data
intersecting the putative enhancer regions (Emani et al. 2024).
eQTLs were identified by using standard linear model approaches
with consideration of various covariates (i.e., age, disorder, batch,
etc.). Ranking of enhancers to be tested by MutSTARR-seq were pri-
oritized based on the intersecting eQTL's statistical significance, ef-
fect size, and cell type ubiquity to maximize functional effect on
the enhancer region. A total of 54 enhancers were selected to be
mutated according to the alternate allele present in the eQTL.
For each enhancer, we created eBlock (IDT) gene fragments with
(alternate) and without (reference) the eQTL. Of our candidate re-
gions, seven did not pass complexity and quality control tests by
IDT due to repetitive elements. Those regions were excluded
from the candidate list so that we tested a total of 47 regions. An
additional 15 regions had to be trimmed from either the 5" or 3’
end to eliminate repetitive regions to allow the sequence to pass
quality control tests. For the trimmed regions, we ensured that
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the eQTL variant was not affected by this trimming. The remaining
regions passed complexity and quality control tests during oligo
design with IDT software. The final list of regions is in Supplemen-
tal Table S17.

MutSTARR-seq input and output library generation was done
similarly to the generation of the CapSTARR-seq libraries and is de-
tailed in Supplemental Methods. Libraries were prepared for se-
quencing using the Illumina MiSeq Reagent Kit V3-600 bp to
generate 300-bp paired-end reads. They were sequenced with a
25% PhiX spike-in on two lanes (two replicates per lane) of an
Illumina MiSeq at the University of Chicago Genomics Facility.
Enhancer peaks were called as described above. Significance was
assessed using t-tests comparing the log.fc(output/input) of the
reference and alternate alleles across four technical replicates.
Variants with a P-value<0.05 were considered significant.

Candidate selection for CRISPR-Cas? KO

To prioritize candidate enhancers for further functional valida-
tion, we overlapped enriched enhancer regions from Panel 1
of CapSTARR-seq with 165 disease-associated GWAS regions
(Buniello et al. 2019) and identified 29 psychiatric disease-associat-
ed active enhancers. The target gene of the enhancer was defined
as the nearby gene with the shortest distance from TSS to the en-
hancer. Then, we overlapped these enhancers and nearby genes
with the predicted regulatory genes and enhancers identified
from cell type-specific gene regulatory networks from the Psy-
chENCODE integrative paper (Emani et al. 2024). Four enhancers
(EH37E1198822, EH37E1000386, EH37E0114246, and EH37E042
6064) that have the same predicted target gene were selected for
the further functional validation (Supplemental Table S35).

KO of top candidate enhancers in phNPCs through
ribonucleoprotein (RNP) - mediated CRISPR-Cas? genome editing

Guide RNA (gRNA) design and RNP complex preparation

For each enhancer tested, a pair of upstream and downstream gRNAs
were designed in a 300-bp window of the 5’ and 3’ flanking regions
of the enhancer with the IDT gRNA design algorithm (IDT). The
gRNAs with an on-target score>50 and off-target score>S50 were
chosen for custom synthesis from IDT (Supplemental Table S20).
RNP complexes were generated for each gRNA as described in the
Supplemental Methods. For each enhancer KO electroporation reac-
tion, we combined upstream RNP with downstream RNP at equimo-
lar quantity on ice to form an enhancer-specific RNP pair.

Electroporation of RNPs into phNPCs

The phNPC cell line was maintained as described above. Only cells
with low passage number (15-17) were used for the electropora-
tion experiments with biological replicates (BR) designated as
BR1 and BR2. For the CRISPR-Cas9 protocol, we used the 4D-
Nucleofector system and Amaxa P3 primary Cell 4D-Nucleofector
X Kit S from Lonza. Specific RNP electroporation conditions are de-
scribed in the Supplemental Methods. The cells were incubated for
24 h postelectroporation, followed by DNA extraction and RNA
isolation.

Enhancer KO genotyping PCR

DNA was extracted from phNPCs with the QuickExtract DNA
Extraction Solution (Lucigen). DNA lysate was used as the geno-
typing PCR template with Q5 Hot Start High-Fidelity 2x Master
Mix (NEB) and enhancer-specific genotyping primer pair span-
ning the upstream and downstream Cas9-guide RNA cleavage sites

(Supplemental Table S36). The DNA input amount, the annealing
temperature, and PCR cycle numbers needed to be optimized for
each enhancer. In general, ~10 ng DNA was used in PCR with an-
nealing temperature ranging from 66.9°C to 68°C and 25 to 31
PCR cycles.

The uncleaved control wild-type (WT) band and edited band
after enhancer KO were separated by agarose gel electrophoresis
prepared with SYBR Safe DNA gel stain (Invitrogen) in 1x Tris/ace-
tic acid/EDTA buffer (Thermo Fisher Scientific). Gel images were
obtained using a ChemiDoc MP Imaging System (Bio-Rad). The ge-
nome editing KO efficiency (percentage) was calculated through
densitometric analysis. The DNA band intensities were analyzed
using Image Labs software (Bio-Rad) by plotting the band intensi-
ties for each lane. The edited bands were cut from the gel and
purified with QIAquick Gel Extraction Kit (Qiagen) for Sanger se-
quencing (Azenta).

Target gene expression assay

RNA extraction from phNPCs and reverse transcription (RT) were
performed with Power SYBR Green Cells-to-Cr Kit (Invitrogen) ac-
cording to the manufacturer’s instructions. Each predesigned Pri-
meTime qPCR Probe Assay (IDT) (Supplemental Table S37) for
the target of interest was first tested to confirm an amplification ef-
ficiency between ~88% and ~110%. cDNA was amplified by real
time qPCR using PrimeTime Gene Expression Master Mix (IDT)
and the PrimeTime qPCR Probe Assay for the target of interest as
described in the Supplemental Methods. Resultant quantification
threshold cycles (Cr) were calculated using the default settings in
the QuantStudio Real Time PCR Software v1.3 (Applied Biosys-
tems) (Supplemental Tables S22-525). Results were analyzed using
the Pfaffl mathematical model (Pfaffl 2001), with the control cells
undergoing the electroporation simultaneously without any RNPs
serving as calibrator.

Data access

The source data generated in this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih
.gov/geo/) under accession number GSE281139.
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